The spatial spectral interference (SSI) technique is used in order to characterize diffused femtosecond laser pulses and to verify the validity of a new spectral ballistic imaging technique recently proposed. Time-spectrum transform methods are assessed for the duration lengthening measurement of low (snake photons) and forward diffused pulses. Results are shown for water/milk samples in the range of 0.38-2.3 MFP. The discussion is based on the comparison with the non-linear cross-correlation time measurement of pulses. An incoherent source is used in order to confirm the results on a broader spectral range.
Introduction
Many experimental studies have been conducted for the characterization of ultrashort laser pulses propagating in diffusing media [1] [2] [3] , particularly in the field of biomedical imaging. Methods based on ultrafast optical gates [1, 2, 4, 5] or coherent detection [6, 7] have been developed for this purpose.
Conventionally, photons issued from a short laser pulse emerging from a turbid medium are separated into three classes: ballistic, snake-like and diffused [8] . The snakelike photons are essentially diffused in the forward direction. The non-diffused, or ballistic, photons keep their coherence while the highly diffused photons completely lose this characteristic [6] .
Few experimental data cover the transition zone (snake photons and true forward diffused photons), in terms of coherence rate associated with temporal stretching of the pulses. Generally, such measurements are reported independently: non-linear cross-correlation techniques are used for the time stretching measurements [1, 2] and fringe detection for the coherence measurements [3, 6] .
Coherence experiments are in principle related to the possibility to use time-spectrum transforms in order to study the propagation of the signal in a linear medium, and this article contributes to show it in more detail for turbid media.
Although basic considerations on statistical noisy phase accumulation for multiple diffused photons should exclude these for such a formal treatment, this approach was suggested in a recent paper [9] using time modulation of a continuous tuneable laser. A proposal for a new technique named spectral ballistic imaging (SPEBI) was made at this time, but the test was suggested using complicated side-band phase relationship measurements. We decided to adopt a simpler method for testing the assumption: the spatial spectral interference (SSI).
Not only can the SPEBI technique be tested with SSI, but information on the amount of coherent stretching of the pulses can be provided in the same way. Indeed, in a previous paper [10] , we described a method allowing the simultaneous measurement of the coherence factor and the time stretching of femtosecond laser pulses in a progressively diffusing medium. This method is based on non-linear cross-correlation in a frequency doubling crystal. The non-linear intensity crosscorrelation part of this signal does not require any coherence and provides then true time arrival distribution of the photons. Water/milk samples have been investigated using this method in paper [10] .
Through spectral phase data Fourier transforms on SSI measurements, it will now be possible to determine the amount of coherently diffused signal contributing to the stretching of the pulses in the same diffusing conditions.
Obviously this approach will not concern the true nondiffused photons, but certainly the forward multi-diffused photons and perhaps the so-called snake photons. It has to be pointed out here that the forward diffusion is related to the notion of refractive index and its derivatives (e.g. group velocity dispersion (GVD)) in the case of a continuous material. We will try to use this notion in the case of coherent diffusion in turbid media. This approach is interesting in the cases where time separation between ballistic and non-ballistic photons is not available through time gating experiments as in biological media [10, 11] , conversely to latex bead experiments [12] .
In section 2, we will present the principle of the SSI method and will illustrate its efficiency and simplicity in order to measure the group velocity dispersion (GVD) and thus the time-broadening action of a glass sample. Section 3 describes our tests of the SSI method on progressively diffused laser pulses. In section 4, we report complementary results for phase measurements on a broader spectral range using an incoherent source.
Description of the SSI method
Spatial spectral interferometry (SSI) is a technique proposed by Meshulach et al of the Weizmann Institute [13] . SSI is a useful means for spectral characterization of a pulse modified by transmission through an optical system. Generally, group velocity dispersion (GVD) is generated when a pulse propagates in an optical system. The SSI method allows the measurement of this GVD.
The method is based on a Michelson interferometer and spectral interference of split laser pulses (∼50 fs). The reference pulse and the probe pulse issued from the optical system cross at a vertical angle 2θ . The frequency components of the optical fields of the two propagating pulses are mapped in one dimension by a diffraction grating and are focused on a CCD detector by a cylindrical lens (figure 1). The SSI method characterizes the spectral phase of the probe pulse relative to the reference pulse.
An image obtained for two identical pulses (no optical material inside the interferometer) is seen in figure 2 . It gives the spectral phase as a function of the wavelength. The fringes are flat because there is no delay between the two arms and also no optical material in the arms besides the reflectors and the beamsplitter. When a water cell is placed in the probe arm of the interferometer, GVD is observed ( figure 3 ). The fringe curvature is quadratic.
This quadratic phase displacement can be written as
SSI images allow, knowing the length L of the medium and the phase curvature of the interference, the measurement of the GVD k of the medium [13] .
As an example, in figure 3 , an SSI image with GVD is shown when a 10.2 cm water cell is put in the probe arm of the apparatus.
The spectrum bandwidth is 40 nm and the central wavelength is 789 nm (ν 0 = 0.3801 PHz).
A
2 ) on figure 4 has been performed. It gives a value of A = (3310 ± 320) fs 2 . The k parameter can thus be calculated: k = (3.245 ± 0.314) × 10 −2 fs 2 µm −1 . Tables [14] give a value of k table = 3.160 84 × 10 −2 fs 2 µm −1 for a central wavelength of 789 nm.
It can be seen that SSI can provide a good estimation of GVD with a simple experimental set-up.
SSI method applied to diffuse medium

Experimental results
We applied the SSI method to find out if a diffuse medium produces spectral phase curvature as suggested by Granot et al [9] .
The experimental set-up ( figure 5 ) is composed of a Michelson interferometer, a diffraction grating and a cylindrical lens as in normal SSI method. The laser source is a Ti-sapphire laser amplified by a CPA (Spectra-PhysicsSpitfire). The central wavelength is 794 nm and the pulse duration is approximately 50 fs with 40 nm spectral width. The mean output power is 0.63 W with 1 kHz repetition rate.
The angle 2θ between the two pulses is obtained by moving the mirrors placed in the reference arm.
The CCD camera is cooled down to −120 • C to minimize thermal noise. The medium used is the same as used in our previous letter [10] : a quartz cell containing a measured concentration of milk. The reference medium contains only water. It is used to avoid GVD measurement due to the water in the diffuse medium. The diffusing power of the medium is evaluated by measuring the optical diffuse mean free path (MFP) using beam intensity attenuation measurements based on the Beer-Lambert law.
Microscope blades are added in order to balance the two arms and so eliminate small phase distortions due to unequal numbers of coated faces in the interferometer.
The results are shown in figure 6 . Table 1 gives the mean free paths for the measured concentrations and the mean number of diffusions for a medium of 5 mm effective length.
No important spectral phase curvature can be seen for milk dilutions between 2% and 12%. 
Calculation of theoretical phase displacement
In our last letter [10] , using a non-linear autocorrelator, we observed a doubling of the laser pulse width for a mean number of diffusions of 5.4 in a cell of 5 mm for a double-pass set-up; this corresponds to an effective length of 10 mm. In our actual femtosecond SSI experiment, the effective interaction length is 5 mm due to a single pass. Using Monte Carlo simulations, we observed that, to have the same condition of temporal stretching, we have to consider the product between the mean number of diffusions and the effective length of the medium. So, the reference doubling condition will correspond to a mean number of 10.8 diffusions for a 5 mm single pass, near 10% milk dilution ( figure 6(e) ).
We calculate below the value of φ that should be observed in the SSI results, considering this temporal doubling.
First, we will deduce the theoretical spectral phase displacement for an incoming Gaussian transform-limited pulse that doubles its duration.
In the frequency domain, the field of an initial Gaussian transform-limited pulse propagated in a dispersive (lengthening) medium can be expressed as
where A is the amplitude, a is the inverse of the 1/e half-width of the amplitude spectrum of the pulse and q the quadratic phase parameter at the output of the effective medium. In the time domain we obtain
The envelope of the intensity is
and before dispersion
So the relative change of the length of the envelope is
To obtain a doubling of the duration, q = √ 3a 2 . Using (2), the parameter q can be related to the phase displacement for a frequency ω:
In our previous letter [10] we used a Gaussian transformlimited pulse of 135 fs (full width at 1/e intensity, T = √ 2 135 fs = 191 fs in amplitude) in conditions of doubling. For this medium, we can calculate the value q using the parameter a of the laser pulse used in our letter. The parameter a can be obtained using the timebandwidth product of the pulse:
The parameter q of the medium then has the value 3966 fs 2 . Our SSI results are based on pulses of 40 nm bandwidth (770-810 nm).
From these last considerations and using (7), one calculates a theoretical phase displacement for the SSI measurement on half the whole spectrum: φ 20 nm = 15.2 rad or 2.4 fringes.
We do not observe such a phase displacement of 2.4 fringes for a mean number of 10.8 diffusions. For higher mean number of diffusions, we also do not notice any phase displacement.
Nevertheless, a deep analysis of figure 6(e) shows very little quadratic curvature and, doing the same work as with the water (figures 3 and 4) , we obtain an upper limit of q = 494 fs 2 . This value corresponds to the maximum amount of quadratic curvature due to coherent forward multi-diffused photons in the medium. Using (6), the relative change of the length of the envelope is 1.02 for 135 fs bandwidth limited pulses. Intensity correlation measurements show a value of 100% lengthening in conditions of figure 6(e) [10] . This means that only 2% could be attributed to coherent lengthening. 
SSI with incoherent broadband source
Experiments have been made on a broader spectral range (110 nm instead of 40 nm) using an incoherent source [15] . The set-up is almost the same as in figure 5 . Mirrors are used instead of corner reflectors, the splitter is a cube beamsplitter, and due to light collimation and cell dimension limitations microscope objectives are placed in front of the cells.
Two passes must be taken into account for the diffusion calibration, that is why the reference length is now 10 mm.
Measurements have been made for 1%, 2% and 3% of milk, corresponding to mean numbers of diffusions of 2.56, 4.32 and 7.76 respectively (temporal doubling occurs between 2% and 3%).
The results for 0% and 1% of milk are shown in figure 7 with a spectral width of 110 nm. With these considerations, we can calculate φ like (9) but for 55 nm (570-625 nm): φ 55 nm = 335.8 rad or 53 fringes.
The residual curvature observed for 0% is due to an imperfect GVD compensation of the two arms related to the use of slightly different microscope objectives. The quality of the fringes for 2% and 3% (figure 8) has been improved by using a phase stepping technique that extracts the interferometric signal from the diffused background [16] . The phase stepping technique uses a four-image Carre algorithm.
All of these results do not show any important additional curvature of the fringes due to milk diffusion. The too high residual curvature at 0% means it gets difficult to be precise about the 2% coherent contribution measured in section 3.
The same results are produced by two different methods (pulsed and incoherent). The incoherent source method is simpler but cannot supply time information directly. A pulsed laser approach was primarily used in a previous experiment [10] ; it provided the necessary absolute time measurements.
Discussion and conclusion
We have to conclude that the spectral approach, using the SSI method, cannot completely describe the time lengthening of diffused laser pulses. The method proposed by Granot et al [9] , based on high frequency modulation of a tuneable laser source, fundamentally aims at the same objective, but is more complex. We think that our experimental results invalidate the concept of the time-spectral approach on the carrier signal in the off-axis multi-diffusion regime.
A small curvature of the SSI fringes could explain a very small part (2%) of the lengthening for 135 fs laser pulses in milk/water mixing in the regime of signal time doubling. Coherent photons, contributing to this effect, are interpreted to be provided from forward multi-diffusion processes.
It is important to point out that the tested medium is milk and water. The d/λ ratio (d, diameter of milk particles; λ, mean laser wavelength) is higher by far than unity (d/λ > 50) where Mie diffusion is preponderant. The diffusion is almost angularly wavelength independent in this case but it is not possible to conclude the invariability of delay with wavelength, and also for forward diffusion. Indeed, we have to take into account the wavelength dependent dispersion of time diffusion. Moreover, no theoretical model exists for this evaluation for biological components.
It would be instructive to make other measurements in the case of Rayleigh diffusion (d/λ < 1). The angular diffusion varies as λ −4 and this could be at the origin of a phase spectral shift of the diffused signal.
